Dephosphorization process by using multiphase flux requires smaller slag amount than conventional process, while the high refining efficiency can still be achieved, due to the promotion of the CaO utilization. In order to provide proper phase diagram for understanding the reaction mechanism, the phase relationship for the CaOSiO 2 FeO5 mass%P 2 O 5 quaternary system has been studied with oxygen partial pressure of 10 ¹8 atm at 1673 and 1623 K by using chemical equilibration technique. It has been found that the solid solution exists only as 2CaO·SiO 2 3CaO·P 2 O 5 , and the ratio between both varies with liquid phase compositions. On the other hand, the liquidus for both 1673 and 1623 K that saturated with above solid solution, moves close to the FeO apex comparing with the CaOSiO 2 FeO x system equilibrated with iron. Besides, the large phosphorus partition ratio between solid solution and liquid slag has also been found, which agrees well with previous works. Based on the regular solution model, both activities and activity coefficients of P 2 O 5 have been discussed.
Introduction
Dephosphorization process is often operated within the 2CaO·SiO 2 primary region in order to achieve large phosphate capacity of slag, consequently CaO addition is required. However, due to the restricted use of fluorite, significant increase in CaO consumption occurs resulting in many environmental issues accompanying large slag generation. Therefore, identifying possible solutions to reduce the slag amount is essential for sustainable steelmaking processes.
According to Fix et al., 1) the solid solution combined with 2CaO·SiO 2 and 3CaO·P 2 O 5 easily forms under the refining conditions for dephosphorization, which indicates the possibility of using the solid phase in the multiphase flux system to absorb phosphorus from liquid slag. Ito et al. 2) showed a large partition ratio of phosphorus between the solid solution and liquid slag, which implied that the large phosphate capacity of the liquid phase could be maintained after the condensation of phosphorus oxide to a solid solution.
According to this view, the utilization efficiency of CaO during dephosphorization can be significantly increased, based on an innovative multiphase flux refining process with less slag amount.
Much work has been done in order to understand this multiphase flux system. The kinetic study of phosphorus partition ratio between solid solution and liquid slag, and its dependence in various slag systems, have been investigated by many researchers.
35) The mass transfer of phosphorus from molten slag to solid solution has been understood, in which the initial formation of solid solution occurs within several seconds. 6, 7) In the microscopic reaction perspectives, the dissolution and reaction mechanism of solid CaO has been explained in the multiphase flux. 8, 9) Similarly, the reaction behavior and mechanism of phosphorus between solid solution and liquid phase has been studied.
1012) The formation of solid solution is faster in the case of the reaction between solid CaO and liquid slag than that between solid 2CaO·SiO 2 and liquid slag. Concentration of P 2 O 5 in the solid solution after the reaction of CaO and liquid slag is larger than that of 2CaO·SiO 2 and slag. These differences would be explained by the different reaction path during the dissolution of solid CaO or 2CaO·SiO 2 into the liquid slag containing P 2 O 5 .
However, available phase diagrams for multiphase flux system still remain unclear, especially at defined oxygen partial pressures, which is essential not only for understanding the phase relationship between solid solution and liquid slag, but also for the actual refining operation.
In this study, the phase relationship for the CaOSiO 2 FeO5 mass%P 2 O 5 quaternary system, which is the fundamental slag system used for dephosphorization, has been studied by using chemical equilibration technique, with an oxygen partial pressure of 10 ¹8 atm at 1673 and 1623 K. Temperatures are commonly achieved during hot metal pretreatment and the oxygen partial pressure reflects the oxygen potential within the multiphase flux system.
13)

Experimental
The chemical equilibration technique has been developed to be one of the most reliable experimental methods for equilibrium studies in oxides system and determination of phase diagrams. Tables 1  and 2 , respectively. The projections of the experimental compositions on the CaOSiO 2 FeO ternary section are shown in Figs. 1 and 2 . Both homogeneous and heterogeneous slags after pre-melting have been considered. About 0.1 g of the oxide mixture was loaded in a platinum crucible (outer diameter: 5 mm; inner diameter: 4.8 mm; height: 5 mm) for each experiment. A vertical type furnace with recrystallized alumina reaction tube was initially heated to 1923 K for pre-melting. The crucible containing the slag mixture was quickly placed in the hot zone at an argon atmosphere. All samples were held for 1 to 3 h in order to ensure complete melting and homogeneity. After pre-melting, the temperature was slowly decreased to 1673 or 1623 K at 10 K/min, during this period the CO/CO 2 gas was introduced to control the oxygen partial pressure to 10 ¹8 atm. The volume ratio between CO and CO 2 gas was determined by eq. (1), and calculated values are 1 : 2 at 1673 K and 1 : 4 at 1623 K, respectively. Then, the precise oxygen partial pressures are 9.24 © 10 ¹9 atm for 1673 K and 1.08 © 10 ¹8 atm for 1623 K, both of which can be considered as close to 10 ¹8 atm. Therefore, the oxygen partial pressure of 10 ¹8 atm is used for uniform discussion in the text. After reaching the target temperature and the oxygen partial pressure, equilibration experiments were conducted, for which 5 to 12 h were sufficient according to preliminary experiments. The temperature precision for each experiment during pre-melting and equilibration were adjusted to «1 K by using a B-type thermocouple. After equilibration, liquid nitrogen was applied as quenching agent to keep high temperature morphology, which normally took about 5 s until the sample reached room temperature. The morphology was observed by a scanning electron microscope (SEM) and the compositions were analyzed by an energy dispersive spectrometer (EDS). The electron probe microanalysis (EPMA) was not used due to the tiny surface area of some Phase Relationship for the CaOSiO 2 FeO5 mass%P 2 O 5 System with Oxygen Partial Pressure of 10 ¹8 atm at 1673 and 1623 Kphases though EPMA generally provides more accurate compositions. In order to minimize the uncertainty of EDS, several repetitions of EDS point analysis or area mapping analysis was applied. Besides, the equilibrium was confirmed by preserving same initial slag for different periods and repeating same equilibrium status with different initial slags.
Results
Figures 3(a) and 3(b) show some typical morphologies observed in as-quenched slag samples from 1673 K, and 3(c) and 3(d) are those observed in as-quenched slag samples from 1623 K. All of the images show that condensed solid solution is a homogeneous phase and solid CaO remains when the slag initially had high CaO/SiO 2 ratio. By comparing Fig. 3 (a) with 3(b), 3(c) with 3(d), the differences between homogeneous and heterogeneous slag after premelting are obvious, which can be seen from the complexity of liquid phase as well as the area size of solid and liquid phases. It has to be noticed that the lamination of liquid phase which refers to the coexistence of CaOFeO phase and high T.Fe phase was observed in some cases, as shown in Figs. 3(a) and 3(c), judging by the different colors of BSE image. The reason for the lamination will be discussed later. Especially in Fig. 3(c) , the area of high T.Fe phase is very small, which brings difficulty on obtaining the accurate phase composition.
The compositions of observed phases are summarized in Tables 3 and 4 . In order to investigate the relationship of these phases, the projections of experimental results on the CaOSiO 2 FeO ternary section are shown in Figs. 4 and 5, while comparing with the liquidus for the CaOSiO 2 FeO x ternary system equilibrated with metallic iron at 1673 K 2022) and the liquidus for the CaOSiO 2 FeOFe 2 O 3 system equilibrated with oxygen partial of 10 ¹8 atm at 1573 K. 14) As shown in both Figs. 4 and 5, the projection of the solid solution locates in the region between 2CaO·SiO 2 and 3CaO·SiO 2 , indicating the existence of 3CaO·P 2 O 5 . Due to the low solubility of FeO in the solid solution, which is found to be smaller than 6 mass%, the above projection is dragged a little away from the CaOSiO 2 tie line.
Equilibrating with the solid solution, homogeneous liquid phase has been observed at moderate SiO 2 content region. While at low SiO 2 and high FeO content region, the liquid phase laminated into CaOFeO phase and high T.Fe phase as mentioned.
According to the calculation based on the regular solution model 24) and with the assumption that CaOFeO phase is a liquid phase, 25) FeO activities in both CaOFeO phase and high T.Fe phase show different values. Therefore, the coexistence between CaOFeO phase and high T.Fe phase without equilibration is deduced. Therefore, it can be said that both CaOFeO phase and high T.Fe phase form due to insufficient quenching speed, though the rapid quenching only takes about 5 s. Pham et al. 26) have found that some initial crystal grows in the slag even within 5 s, which implies the difficulty on obtaining glassy phase for the slag with low SiO 2 content. However, it is considered that the quenching speed cannot be further promoted by using other quenching agents, such as moisture agent or certain oil. One reason is that the total slag amount applied in the present experiments is very small. Another is because CaO could be consumed by moisture. In order to identify the phases after lamination, X-ray diffraction analysis has been used to analyze the sample with initial slag composition of 28.5 mass%CaO9.5 mass%SiO 2 57 mass%FeO5 mass%P 2 O 5 equilibrated with oxygen partial pressure of 10 ¹8 atm at 1673 K. After that, only solid solution and FeO phase has been found, as shown in Fig. 6 . This indicates that the FeO phase is separated as high T.Fe phase and the undetected CaOFeO phase remains as glassy phase.
As more cautious discussion on the CaOFeO phase, it has to be noticed that the composition of the CaOFeO phase is similar to the reaction layer when solid CaO contacting with molten slag. 9) After the above discussion, this reaction layer should be considered as a transition phase until equilibrium. Another thing to be noticed is that the composition of CaOFeO phase is close to 2CaO·Fe 2 O 3 solid solution, 27) while it has not been found by X-ray diffraction analysis. Thus this possibility remains uncertain. The other possibility is that the CaOFeO phase seems to be the liquid phase equilibrated with CaO, according to the phase diagram for the CaOP 2 O 5 FeO system with oxygen partial pressure of 10 ¹6.8 atm at 1673 K. However, since CaO is not always coexisting with CaOFeO phase, this scenario on the formation of CaOFeO phase is inappropriate. From above discussion, the lamination of liquid phase is considered as the rapid separation due to insufficient quenching speed in this study.
According to the above understanding on the relationship between high T.Fe phase and CaOFeO phase, the composition of actual liquid phase at experimental temperatures can be deduced. Because both phases are not uniformly distributed in some cases, the average compositions, which should be the actual liquid phase compositions, cannot be measured directly, and thus another consideration is needed. The compositions of the actual liquid phase at low SiO 2 region have been obtained as the cross point of two straight lines, one connecting solid solution and initial slag, and the other connecting CaOFeO phase and high T.Fe phase on the CaOSiO 2 FeO ternary section. After reconsideration, the phase compositions are shown in Tables 5 and 6 . Then the projection of reconsidered phase compositions on the CaO SiO 2 FeO ternary section and the estimated liquidus are shown in Figs. 7 and 8 . The details of these two figures will be discussed later. = 10 -8 atm , T=1573K [14] CaO-SiO [20] CaO-SiO 2 -FeO-Fe 2 O 3 P O 2 = 10 -8 atm , T=1573K [14] Fig. Another finding for the solid solution is that the ratio between 2CaO·SiO 2 and 3CaO·P 2 O 5 always changes with the liquid phase composition, and this variation can be observed more obviously by the projection on the 2CaO·SiO 2 3CaO·P 2 O 5 pseudo binary section as shown in Fig. 10 . At both 1673 and 1623 K, the solid solutions represent unanimously as (¡-2CaO·SiO 2 )(¡-3CaO·P 2 O 5 ), neither 5CaO·SiO 2 ·P 2 O 5 nor 7CaO·2SiO 2 ·P 2 O 5 forms. Therefore, there is only one kind of condensed solid solution equilibrated with liquid phase under current experimental conditions, and the ratio of 2CaO·SiO 2 to 3CaO·P 2 O 5 depends on the slag composition.
Liquidus for the CaOSiO 2 FeOP 2 O 5 quaternary
system with oxygen partial pressure of 10 ¹8 atm at 1673 and 1623 K As shown in Fig. 7 , the liquidus for the CaOSiO 2 FeO P 2 O 5 system observed with oxygen partial pressure of ternary system at 1873K [20] P O 2
≈10
-8 atm Fig. 9 Projections of the compositions of solid solutions on the CaOSiO 2 P 2 O 5 ternary section (mass%). 14) indicating that larger consumption of CaO by the formation of 3CaO·P 2 O 5 than 2CaO·SiO 2 . In other words, the 2CaO·SiO 2 3CaO·P 2 O 5 primary region is larger than the 2CaO·SiO 2 primary region. Besides, the effect of temperature and oxygen partial pressure on the liquidus has not been obvious in Fig. 7 due to the difference among slag systems. At 1623 K, the liquidus for the CaOSiO 2 FeOP 2 O 5 system observed with oxygen partial pressure of 10 ¹8 atm moves further to the FeO apex as shown in Fig. 8 .
Comparison of both estimated liquidus as shown in Fig. 11 confirms the shrinkage of liquid phase area by decreasing the temperature. Also in Fig. 11 , the phase sections are proposed based on all the above discussion. For the solid solution, because the ratio between 2CaO·SiO 2 and 3CaO·P 2 O 5 changes with slag composition as already mentioned, the projections appear as a composition range rather than a definite point. As the accurate composition range of solid solution has not been provided, the tie lines around the solid solution part in Fig. 11 2) also the similarity with the work by Pahlevani et al. 5) has been found at lower T.Fe content region.
Thermodynamically, the increase of T.Fe content in liquid phase leads to the variation of activity coefficient of P 2 Table 7 , which are shown together with the partition ratio of P 2 O 5 on the CaOSiO 2 FeO section in Figs. 14(a) and 14(b).
By comparing two figures, the partition ratio of P 2 O 5 barely changes at similar locations along the liquidus, which indicates the ambiguous effect of temperature. While both of activities and activity coefficients of P 2 O 5 in the triple-phases coexisting area show smaller values than the ones in the 2CaO·SiO 2 3CaO·P 2 O 5 primary region. This is due to the appearance of CaO which commonly decreases P 2 O 5 activity in liquid phase.
Conclusions
By using the chemical equilibration technique, the phase relationship for the CaOSiO 2 FeOP 2 O 5 quaternary system with oxygen partial pressure of 10 ¹8 atm at 1673 and 1623 K has been studied. The solid solution mainly exists as 2CaO· SiO 2 3CaO·P 2 O 5 for the CaOSiO 2 FeO5 mass%P 2 O 5 system under current experimental conditions. Then the liquidus and the phase sections on the CaOSiO 2 FeO ternary section have been deduced. Also the large partition ratio of P 2 O 5 between solid solution and liquid slag has been investigated, which agrees with previous works. The activities of P 2 O 5 in both liquid phase and solid solution have been studied based on the regular solution model and equilibrium condition. CaO-SiO 2 -FeO-6mass% P 2 O 5 system equilibrated with iron at 1573 K [5] Ito et al. [2] P O2 = 9.24×10 -9 atm at 1673 K P O2 = 1.08×10 -8 atm at 1623 K T.Fe content in liquid phase (mass%) Fig. 13 Relationship between partition ratio of phosphorus and T.Fe content in liquid phase. 
